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Abstract

Despite the clinical success of immune checkpoint inhibitors (ICIs) in bladder cancer (BLCA), many patients fail to respond
due to primary resistance. Neutrophil extracellular traps (NETs) have recently emerged as critical mediators of tumor therapy
resistance, yet their precise function in BLCA is still unclear. We combined data from multiple ICI-treated patient cohorts to
investigate the association between NET levels and clinical outcomes. Experimental approaches—including
immunofluorescence, in vitro co-culture, scanning electron microscopy, and a mouse lung metastasis model—were employed
to examine NETs’ biological impact. Molecular mechanisms were further explored using proteomic profiling and single-cell
transcriptomics.

BLCA samples exhibited abnormal NET accumulation, which enhanced metastasis and reduced ICI effectiveness in mice.
Mechanistic studies demonstrated that NETs stimulate STC1 expression in tumor cells through the TLR2-MAPK-FosL1
pathway. STCI1 restrained antigen presentation by capturing calreticulin, while its secreted form promoted further NET
formation, creating a self-amplifying feedback loop. Additionally, secreted STC1 hindered CD14+ precursors from
differentiating into mature dendritic cells, intensifying immunosuppression. These findings reveal a key immunosuppressive
NETs-STC1 circuit in BLCA, suggesting that targeting this pathway could improve both therapeutic efficacy and safety of ICIs.
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Introduction reported an objective response rate of just 21.1% for anti-
PD-1 therapy, with 16.5% of patients experiencing grade

Muscle-invasive bladder cancer (MIBC) represents >3 irAEs [7]. Existing biomarkers, including PD-L1

roughly one-quarter of new BLCA diagnoses and is
highly aggressive. Once distant metastases develop, the
S-year survival rate falls to 5-15%, making effective
treatment particularly difficult [1, 2]. While ICIs have
substantially improved outcomes in advanced BLCA,
only a minority of patients achieve lasting responses,
with durable benefit observed in fewer than 25% [3, 4].
Immune-related adverse events (irAEs) frequently
compromise treatment continuity and long-term efficacy
[5, 6]. For example, the 2023 KEYNOTE-045 trial

Access this article online

smerpub.com/

Received: 28 May 2021; Accepted: 12 October 2021

Copyright CC BY-NC-SA 4.0

How to cite this article: Bennett SL, Thompson CM. STCI1-Neutrophil
Extracellular Trap Positive Feedback Loop Drives Immune Escape and
Metastasis in Bladder Cancer. Arch Int J Cancer Allied Sci. 2021;1:150-70.
https://doi.org/10.51847/89R10Bxc2B

expression and tumor mutational burden, lack sufficient
predictive power [8], highlighting an urgent need for
novel biomarkers and combination strategies.

The limited efficacy of ICIs is heavily influenced by the
immunosuppressive tumor microenvironment (TME)
[9]. BLCA exhibits significant immune heterogeneity,
and tumor cells employ diverse mechanisms to evade
immune surveillance [10], including defects in antigen
presentation [11], elevated secretion of
immunosuppressive factors [12], and poor infiltration of
effector T cells [13]. The role of non-lymphocyte
immune cells, particularly neutrophils, in shaping tumor
immunity is increasingly recognized [14—-16].

Tumor-associated neutrophils (TANs) are major TME
constituents that promote growth  and
dissemination via multiple mechanisms [17]. Clinically,
a high neutrophil-to-lymphocyte ratio (NLR) is
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associated with immunotherapy resistance and worse
patient outcomes [18]. TANSs facilitate metastasis partly
through the release of NETSs, which are DNA-protein
networks originally characterized for pathogen defense
[19, 20]. Within the TME, NETs can accumulate
abnormally under wvarious stimuli [21], promoting
epithelial-mesenchymal transition (EMT) or forming
physical barriers around tumor cells, thus shielding them
from immune attack [22].

Although NETs’ role in tumor progression and
metastasis is recognized, their contribution to immune
evasion and ICI resistance in BLCA remains poorly
defined. Whether NETs act as immunosuppressive
mediators in the TME and influence immunotherapy
outcomes has yet to be elucidated.

In this study, we integrated clinical data from multiple
ICI-treated cohorts, analyzed patient samples, and used
preclinical models to clarify NETs’ role in BLCA
metastasis and immunotherapy resistance, aiming to
identify combination strategies targeting NETs to
enhance both the efficacy and safety of IClIs.

Materials and Methods

Clinical specimen acquisition

Specimens were gathered from September 2022 through
March 2025 at two institutions: Fudan University
Shanghai Cancer Center (FUSCC) and Sun Yat-sen
University Cancer Center (SYSUCC). Blood samples
were drawn from the peripheral circulation of patients
diagnosed with bladder urothelial carcinoma (BLCA) as
well as from healthy volunteers (HDs). Surgical
resections provided paired tumor and nearby non-
cancerous tissue samples from BLCA cases undergoing
either transurethral bladder tumor resection or complete
cystectomy. Importantly, all patients were treatment-
naive at enrollment, having received no prior
chemotherapy, radiation, immune-based therapy, or any
other anticancer interventions before their operations.

Maintenance of cell lines

Human bladder cancer «cell lines UMUC-3
(CVCL 1783), 5637 (CVCL 0126), and T24
(CVCL _0554), the mouse bladder cancer line MB49
(CVCL _7076), and the human embryonic kidney line
HEK293T (CVCL_0063) were procured from the China
Center for Type Culture Collection. Cells were grown in
Dulbecco’s Modified Eagle Medium (HyClone)
supplemented with 10% fetal bovine serum plus 1%

penicillin/streptomycin mixture. Incubation occurred at
37°C in a 5% CO: humidified environment. Routine
screening confirmed the absence of Mycoplasma
contamination in all lines.

Establishment of STC1-deficient cell models

An STCl-null MB49 line was created using
CRISPR/Cas9 technology. A guide RNA specific to the
murine Stcl locus was complexed with Cas9 and
delivered to MB49 cells. Successful gene disruption was
assessed via western blotting, qPCR, and ELISA. Several
validated clonal populations (sgSTCI#1, #2, and #3)
were combined for later studies.

In the human 5637 line, stable STCI1 silencing was
achieved through lentiviral delivery of short hairpin
RNAs (shSTCI1#1, #2, #3) or a scrambled control
(shNC). Infection was enhanced with 2 pg/mL polybrene
(Sigma-Aldrich), followed by antibiotic
beginning 48 hours later. Reduction of STCI1 expression
was confirmed by western blot, qPCR, and ELISA.

selection

Neutrophil purification and induction of neutrophil
extracellular traps (NETs)

Fifteen milliliters of peripheral blood were obtained from
healthy volunteers. Neutrophils were separated using a
commercial Human Neutrophil Isolation Kit (LZS11131,
TBD Science) per the supplied protocol. Blood was
carefully overlaid on a ficoll-based gradient and spun at
600 x g for 35 minutes. The enriched neutrophil fraction
was collected, washed twice in sterile PBS (350 x g, 10
minutes each), and finally resuspended in RPMI-1640
before a 1-hour recovery period at 37°C with 5% COx.
To generate NETs, 1 x 107 freshly purified neutrophils
per well were plated in six-well dishes and treated with
500 nM PMA (P1585, Sigma-Aldrich) for 4 hours under
standard culture conditions. Released NET structures and
suspended cells were then harvested by gentle scraping,
followed by three rinses with chilled RPMI-1640.
Cellular debris was pelleted by centrifugation (350 x g,
10 minutes). The resulting cell-free supernatant,
designated NET-conditioned medium (NETs-CM), was
measured for double-stranded DNA content with the
Qubit HS Assay Kit (Q32851, Invitrogen) on a Qubit 4.0
instrument. Standardized stocks (1,000 ng DNA/mL)
were cryopreserved at —80°C and thawed with a 1:10
dilution before use. Where indicated, NETs were
dismantled by adding DNase I (150 U/mL; LS006322,
Worthington).
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Purification of CDI14" monocytes and establishment of
co-culture

PBMCs were isolated from healthy donor blood via
density gradient separation using Human Lymphocyte
Separation Medium (DKW-KLSH-0100; Dakewei).
From these, CD14* monocytes were positively selected
with CD14 MicroBeads (130-118-906, Miltenyi Biotec),
yielding populations with greater than 95% purity as
assessed by flow cytometry.

For indirect co-culture, 5637 cells harboring either
STCl1-specific ShRNA (shSTC1#3) or scrambled control
(shNC) were seeded at 2 x 10° cells per well into the
lower compartment of 24-well Transwell inserts (0.4 um
pores; 3412, Corning) and cultured overnight for
attachment. Freshly prepared CD14" monocytes were
then introduced at 1 x 10¢ cells per insert into the upper
compartment. The system was incubated for 48 hours
under standard conditions (37°C, 5% CO, humidified).

Visualization of NETs by scanning electron microscopy
To induce NET formation, neutrophils were treated with
tumor cell-derived conditioned medium; resting
neutrophils served as negative controls, while PMA-
activated cells acted as positive controls. Fixed samples
were preserved in 2.5% glutaraldehyde (in 0.1 M
phosphate buffer) overnight at 4°C to maintain integrity
of extracellular DNA-protein lattices. A stepwise ethanol
dehydration protocol was applied to avoid distortion of
fine NET threads. High-resolution imaging was
performed on an APREO 2 SEM instrument (Thermo
Fisher). Areas displaying NETs were characterized by
mesh-like networks larger than 5 pm across, featuring
crossed fibrous DNA elements.

Western blot analysis

Lysis was carried out in RIPA buffer (89901, Thermo
Scientific) fortified with protease/phosphatase inhibitor
cocktail (78440, Thermo Fisher). Total protein was
measured using BCA assay (A55860, Thermo Fisher).
Primary antibodies, diluted as follows, were probed
overnight at 4°C under rotation: anti-citrullinated histone
H3 (1:1,000; ab281584, Abcam); anti-STC1 (1:1,000; sc-
293435, Santa Cruz); anti-calreticulin (CRT) (1:3,000;
27298-1-AP, Proteintech); anti-FosL1 (1:1,000; 5281,
CST); anti-MEK1/2 (1:1,000; 9122, CST); anti-phospho-
MEK1/2 (1:1,000; 9154, CST); anti-ERK1/2 (1:1,000;
4695, CST); anti-phospho-ERK1/2 (1:1,000; 5726,
CST); anti-ATP1A1 (1:5,000; 55187-1-AP,
Proteintech); anti-GAPDH (1:10,000; 60004—1-Ig,

Proteintech); anti-Histone H3 (1:5,000; 17168—1-AP,
Proteintech); anti-a-tubulin (1:5,000; Proteintech); anti-
Flag (1:1,000; 2368S, CST). Corresponding secondary
antibodies were added for 2 hours at ambient
temperature.

Chromatin immunoprecipitation followed by qPCR
(ChIP-qPCR)

FosL1 occupancy on the STC1 promoter was examined
using the ChIP Assay Kit (17-10086, Millipore) per
manufacturer guidelines. UMUC-3 cells underwent
crosslinking with 1% formaldehyde (10 minutes),
terminated by glycine addition. Following PBS rinsing,
nuclear lysates were sonicated to yield DNA fragments
ranging 200-500 bp. Immunoprecipitation involved
overnight incubation with anti-FosL1 (5281, CST) or
isotype-matched IgG, followed by capture on protein
A/G beads. Washed complexes were decrosslinked via
heating with proteinase K, and purified DNA served as
template for qPCR amplification of STC1 promoter
sequences.

Co-immunoprecipitation (Co-IP)

Both HEK293T and UMUC-3 cells were harvested in
chilled RIPA buffer containing inhibitor cocktails and
lysed for 30 minutes on ice. Debris was removed by high-
speed centrifugation (12,000 x g, 30 minutes, 4°C). For
reciprocal pulldowns, 500 pg protein was rotated
overnight at 4°C with 2 pg anti-STC1 (sc-293435, Santa
Cruz) or anti-CRT (27298-1-AP, Proteintech). Resolved
proteins (10% gels, PVDF transfer) from inputs (10%)
and eluates were detected using the counterpart antibody:
anti-CRT (1:3,000) for STC1 IPs or anti-STC1 (1:1,000)
for CRT IPs.

Immunofluorescence assays

NET detection in clinical BLCA samples used 5 pm
paraffin  sections subjected to deparaffinization,
rehydration, and heat-mediated antigen retrieval in
Tris/EDTA. Permeabilization (0.2% Triton X-100)
preceded blocking (5% BSA). Overnight primary
incubation at 4°C employed anti-citrullinated histone H3
(citH3; 1:500) and anti-myeloperoxidase (MPO;
1:1,000). Fluorescent secondaries (Alexa Fluor 488/555;
1:5,000; A11029/A21429, Invitrogen) were applied for 2
hours before DAPI counterstain. Confocal imaging
(Olympus FV3000) captured citH3+/MPO+/DAPI+
overlapping signals indicative of NETs. ImageJ (v1.53)
quantification involved line scans across tumor regions,
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generation of citH3 intensity plots, and computation of
area under the curve (AUC; AU x pixels).

STCI1-CRT interaction studies in UMUC-3 cells
included mitochondrial staining with Mito-Tracker Deep
Red (100 nM, 30 minutes; C1034, Beyotime) prior to 4%
paraformaldehyde fixation and permeabilization.
Blocked cells (1% BSA) received overnight anti-STC1
(1:100; sc-293435, Santa Cruz) and anti-CRT (1:100;
27298-1-AP, Proteintech). Secondary labeling (Alexa
Fluor 488/555; 1:5,000) and DAPI (1 ug/mL) followed.
Confocal (Olympus  FV3000) and
colocalization (FIJI Coloc2; Pearson’s r > 0.5 denoting
interaction) completed the analysis.

acquisition

Quantitative spatial proximity analysis

Spatial relationships between neutrophil extracellular
traps (NETs) and T cells in mouse lung metastatic tissues
were quantified using HALO software (V.4.0, Indica
Labs) with the Highplex FL module. The analysis
measured the presence of citH3+ cells within defined
radii around CD4+ and CD8+ T cells to determine
whether NETs and T cells exhibited spatial exclusion
patterns. Counts of different cell types were recorded
across distance intervals to map their relative
distributions.

Lung metastasis model and experimental treatments
Six-week-old C57BL/6 mice were injected intravenously
with 1x10° MB49-Luc cells suspended in 200 uL. PBS
via the tail vein. Metastatic burden was monitored
weekly for four weeks using bioluminescent imaging
(IVIS Spectrum, PerkinElmer), and body weight was
tracked twice weekly as a general health metric. To
modulate NET levels, mice received a tail vein injection
of lipopolysaccharide (LPS; 10 pg/mouse; L2880,
Sigma-Aldrich) 24 hours before tumor cell inoculation.
In selected groups, DNase I (300 U/mouse; LS006322,
Worthington) was administered intraperitoneally to
degrade NETs. Immune checkpoint blockade was
performed with intraperitoneal injections of InVivoMAb
anti-mouse PD-1 (200 pg/mouse; BE0146, Bio X Cell)
or IgG control three times per week. For in vivo depletion
experiments, mice were treated with InVivoMADb
antibodies targeting CD8a, CSFIR, or NK1.1 (or their
matched IgG controls) starting three days prior to tumor
inoculation, followed by repeated dosing of 400 pg every
three days throughout tumor progression [23].

Single-cell RNA sequencing analysis

Publicly available single-cell RNA sequencing (scRNA-
seq) data associated with immune-related adverse events
(irAEs) were obtained from the Gene Expression
Omnibus (GEO, GSE180045) [24]. Patients were
classified into two groups: those receiving immune
checkpoint inhibitor (ICI) therapy without irAEs (Al,
A2, A3) and those who developed irAEs after ICI
treatment (B1, B2, B3, MCE1, MCE2, MCL1, MCL3).
Data processing was carried out in R using the Seurat
package (V.4.4.1). Doublets were identified and removed
with DoubletFinder, and low-quality cells were filtered
out if they had fewer than 200 or more than 6,000
detected genes or mitochondrial gene content exceeding
20%. Genes expressed in fewer than five cells were
excluded. Cell cycle scores were computed with
CellCycleScoring(), and the effects of the cell cycle were
regressed out via the regress.out parameter in
ScaleData(). Following normalization and scaling, batch
effects were corrected using Harmony, and the top 3,000
variable genes were selected. Principal component
analysis (PCA) was performed using the top 2,000 highly
variable genes, with the first 15 principal components
applied to generate UMAP embeddings. Clustering was
performed with FindClusters() at a resolution of 0.5, and
cell types were annotated based on classical literature
markers in  combination with  cluster-specific
characteristics [24]. Data visualization was generated
using the omicverse Python module.

MCP-counter deconvolution and pathway analysis

The MCP-counter algorithm was employed to quantify
immune cell populations in transcriptomic datasets,
allowing absolute abundance estimation [25]. To
investigate myeloid cell heterogeneity, CD14+ cells
extracted from the MCP-counter results underwent
deconvolution analysis, highlighting differences in cell
composition between experimental groups. Additionally,
single-sample Gene Set Enrichment Analysis (ssGSEA)
was applied to predefined immune pathways to uncover
distinct immune signatures [26]. Complementary Gene
Set Enrichment Analysis (GSEA) based on the Gene
Ontology (GO) database provided a broader assessment
of biological processes associated with the observed
transcriptional patterns.

Statistical analysis

Analyses were performed using GraphPad Prism
(V.10.0), R (V.4.2.4), and Python (V.3.9). Normally
distributed continuous variables were evaluated using a
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two-tailed Student’s t-test for pairwise comparisons or
one-way ANOVA for comparisons involving three or
more groups. Non-parametric data were analyzed using
the Wilcoxon rank-sum test (two groups) or the Kruskal-
Wallis test (three or more groups). Experiments with
factorial designs were assessed by two-way ANOVA.
Kaplan-Meier curves were generated for survival
analysis, with differences assessed via the log-rank test.
Correlations were quantified using Pearson’s coefficient
for linear relationships or Spearman’s rank for non-linear
relationships. Categorical variables were compared with
v? or Fisher’s exact test. All experiments included at least
three independent biological replicates. Data are
presented as mean = SD for parametric data or median
with interquartile range for non-parametric data,
following STRIVE guidelines. Statistical significance
was defined as p<0.05 (two-tailed), and exact p-values
are reported for key analyses. Significance is indicated
as: ns, not significant; *p<0.05, **p<0.01, ***p<0.001,
*HA%p<0.0001.

Results and Discussion

NET accumulation is linked to BLCA progression and
immunotherapy failure

To explore the impact of neutrophil extracellular traps
(NETs) on bladder cancer (BLCA) progression and
response to immunotherapy, citH3 and MPO were
measured in tumor tissues from two independent patient
cohorts. Areas showing overlap between citH3 and MPO
were defined as NET-positive [27]. Immunofluorescence
imaging revealed stronger co-localization of citH3 and
MPO in tumors from immunotherapy non-responders
compared with responders in the FUSCC cohort (Figures
1a and 1b). Line-scan analysis across tumor sections
demonstrated higher citH3 signal intensity and a
significantly larger area under the curve (AUC) in non-
responders (Figures 1c¢ and 1d). CitH3 serves as the
most specific marker for NETs [21].
Immunohistochemistry of tumors (FUSCC cohort, n=27)
confirmed that citH3-positive areas were more extensive
in non-responders (Figure 1e), a finding further
supported by western blot showing elevated citH3
protein levels. Serum MPO-DNA complexes, indicative
of systemic NET burden [28], were also higher in non-
responders across both cohorts (Figures 1f and 1j).
Subgroup analyses revealed that increased NET load—
measured either by tumor citH3 or serum MPO-DNA—
was associated with poor immunotherapy response

(Figures 1g and 1i), enhanced metastatic potential
(Figures 1h and 1i), and shorter progression-free
survival (Figure 1k).
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Figure 1. NET Levels Correlate with Tumor
Progression and Immunotherapy Resistance in
BLCA. Panels a-b display representative
immunofluorescence (IF) images highlighting co-
localization of NET markers citH3 (green) and MPO
(red) in BLCA tissues from patients responding (a) or
not responding (b) to immunotherapy. Line-scan
analysis of citH3 fluorescence across tumor sections
(c) indicated higher signal intensity along the scan
distance in non-responders (purple) compared with
responders (blue), with quantification by area under
the curve (AUC) confirming a significantly elevated

fluorescence in non-responders (d). Tumor citH3
expression (e) and serum MPO-DNA complex levels
(f) were higher in non-responders in the FUSCC
cohort (n=27). When patients were stratified by high
versus low citH3 or MPO-DNA, objective response
rate (ORR) to immunotherapy was reduced in the
high NET group (g, n=32). Furthermore, higher
tumor citH3 and serum MPO-DNA were associated
with metastatic disease (h, n=50), and these findings
were validated in the SYSUCC cohort for both
metastasis (i, n=60) and immunotherapy response (j,
n=26). Kaplan-Meier analysis showed shorter
progression-free survival (PFS) in patients with
elevated serum MPO-DNA (k). Multivariable logistic
regression accounting for tumor T stage, age, and
gender confirmed circulating MPO-DNA as an
independent predictor of metastasis (1) and reduced
ICIs benefit (m). Abbreviations: AU= arbitrary units;
AUC= area under the curve; BLCA= bladder cancer;
FUSCC, Fudan University Shanghai Cancer Center;
ICI= immune checkpoint inhibitor; [F=
immunofluorescence; MPO, myeloperoxidase;
NETs= neutrophil extracellular traps; ORR=
objective response rate; PFS= progression-free
survival; PD= progressive disease; PR= partial
response; SD= stable disease; SYSUCC= Sun Yat-
sen University Cancer Center.

Multivariable logistic regression revealed that serum
MPO-DNA independently predicted metastasis (OR
10.293, 95 percent CI 4.021-29.591; p<0.001) and
reduced immunotherapy benefit (OR 3.583, 95 percent
CI 0.994-15.421; p=0.0429), while other covariates had
no significant effect (Figures 11 and 1m). Overall, these
findings indicate that NET abundance is positively
associated with metastatic progression and poor
immunotherapy response in BLCA, suggesting that
NETs may act not only as biomarkers but as active
mediators of immune evasion and tumor spread.

NETs promote experimental metastasis via immune-
dependent mechanisms and shape an immunosuppressive
tumor microenvironment

To directly assess the contribution of NETSs to metastasis
and immune resistance, a lung metastasis model with
high NET induction was established using LPS in
C57BL/6 and nude mice (Figure 2a). NET induction was
validated by monitoring serum MPO-DNA. In vivo

bioluminescence imaging demonstrated that LPS-
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induced NETs enhanced metastasis in immunocompetent
C57BL/6 mice, whereas metastasis was not significantly
increased in immunodeficient nude mice. DNase I
treatment reduced metastatic burden in C57BL/6 mice
but had a diminished effect in nude mice (Figures 2b and
2¢). Histological assessment confirmed larger metastatic
lesions in the lungs of C57BL/6 mice treated with LPS.

To clarify whether NET-mediated metastasis was
dependent on antitumor immunity, antibody-mediated
depletion of CD8+ T cells or NKI1.1+ cells was
performed in C57BL/6 mice. DNase I significantly
reduced metastasis in IgG and NK1.1-depleted mice but
failed to do so when CD8+ T cells were depleted
(Figures 2d and 2e), indicating that NETs exert pro-
metastatic effects largely through suppression of CD8+
T-cell-mediated immunity. Flow cytometry of lung
lesions showed that LPS increased neutrophil infiltration
while reducing both the abundance and functional
capacity of CD8+ T cells, as indicated by lower
expression of TCF1 (stem-like), granzyme B
(cytotoxicity), and CD107a (degranulation) (Figures 2f
and 2h). Spatial mapping revealed that LPS decreased
intratumoral densities of CD4+ and CD8+ T cells,
whereas DNase I restored T-cell localization within
tumor parenchyma (Figures 2i and 2j). Distance-to-
centroid analyses further demonstrated that CD4+/CD8+
T cells were displaced farther from tumor cores in the
LPS group, and DNase I partially reversed this effect
(Figure 2k). Collectively, these findings demonstrate

that NETs promote metastasis through immune-

dependent mechanisms and contribute to the
establishment of an immunosuppressive tumor
microenvironment.
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Figure 2. NETs Promote Experimental Metastasis
via Immune-Dependent Mechanisms and Establish
an Immunosuppressive TME. (a) Schematic
overview of the lung metastasis experimental setup.
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MB49-luc cells were administered via tail vein
injection, NET formation was induced with LPS, and
NETs were disrupted using DNase I. Where
indicated, mice received IgG control, anti-CD8, or
anti-NK1.1 antibodies according to the timeline
shown. (b—c) Representative bioluminescence images
(b) and quantitative analysis (c) of metastatic tumor
burden in both C57BL/6 and nude mice under LPS or
LPS+DNase I treatment conditions. LPS enhanced
metastatic spread in immunocompetent mice, while
DNase I mitigated this effect; in immunodeficient
nude mice, metastasis was largely unaffected. (d—¢)
Bioluminescence imaging (d) and lung radiance
quantification (e) across cohorts depleted of CD8+ T
cells, NK1.1+ cells, or receiving IgG control, each
under LPS or LPS+DNase I treatment. DNase I
reduced metastatic burden in IgG and NK1.1-
depleted mice, but not in CD8+ T-cell-depleted
mice, indicating the pro-metastatic effect of NETs is
largely dependent on CD8+ T-cell-mediated
immunity. (f~h) Flow cytometry analyses show
neutrophil and CD8+ T-cell infiltration (f), functional
marker expression (TCF1, GZMB, CD107a) (g), and
quantitative assessment (h) in lung metastatic foci
from C57BL/6 mice. LPS increased neutrophil
presence while diminishing both the number and
functional activity of CD8+ T cells. (i)
Representative H&E and IF co-staining images
(citH3, CD4, CDS8) of lung metastatic lesions from
C57BL/6 mice. (j—k) Spatial analyses of tumor-
infiltrating lymphocytes demonstrate that NET's
restrict intratumoral accumulation of CD4+ and
CD8+ T cells compared with peritumoral regions,
quantified by cell counts per field (j) and distance-to-
tumor-centroid measurements (k).

Combination of anti-PD-1 and NET inhibition improves
therapeutic outcomes in BLCA

Based on the observed immunosuppressive effects of
NETs, we investigated whether targeting NETs could
enhance immunotherapy efficacy. In the LPS-induced
high-NETs lung metastasis model, mice were assigned to
four treatment groups: isotype control, DNase I alone,
anti-PD-1 alone, and the combination of anti-PD-1 with
DNase I (Figure 3a). In vivo bioluminescence imaging
revealed that the combination therapy markedly reduced
metastatic ~ burden compared with  anti-PD-1
monotherapy, with statistically significant differences
(Figures 3b and 3c). Histopathological evaluation

corroborated these findings, showing a clear decrease in
lung metastatic foci in the combination group relative to
the anti-PD-1 alone group (Figures 3d and 3e).
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Figure 3. Combined Anti-PD-1 and NET Inhibition
Enhances Immunotherapy Efficacy While Reducing
Immune-Related Toxicity in Mice. (a) Experimental
timeline for the LPS-primed MB49-luc lung
metastasis model in C57BL/6 mice, indicating
treatment groups: PBS or DNase I, and IgG control
or anti-PD-1. (b—c) Representative bioluminescence
images (b) and quantitative analysis (c) demonstrate
that the combination of anti-PD-1 with DNase I
significantly reduced metastatic lung burden
compared with either monotherapy. (d—e)
Histopathological assessment via H&E staining (d)
and quantification of metastatic area (e) confirmed
the superior efficacy of the combination therapy in
limiting lung metastases. (f—g) Flow cytometry
analysis of CD45+ immune cells in lung tissues
showed increased infiltration of CD8+ T cells,
neutrophils, macrophages, and dendritic cells in the
combination group (f). Functional markers of CD8+
T cells, including granzyme B, TCF1, and CD107a,
were also elevated under combination therapy (g).
(h—1) Serum ELISA measurements indicated that pro-
inflammatory cytokines IL-6 (h) and TNF-a (i) were
significantly reduced in the combination group
compared with anti-PD-1 monotherapy, providing
evidence that NETs inhibition mitigates systemic
inflammatory responses. Abbreviations: DCs=
dendritic cells; FACS= flow cytometry; TCF1=T
cell factor 1; GZMB= granzyme B; IL= interleukin;
LPS= lipopolysaccharide; Macro= macrophages;
NETs= neutrophil extracellular traps; Neu=
neutrophils; PBS= phosphate-buffered saline; PD-1=
programmed cell death protein-1; TNF= tumor
necrosis factor.

To characterize the tumor microenvironment (TME)
across treatment groups, FACS analyses were performed.
The combination of anti-PD-1 and DNase I markedly
increased CD8+ T-cell infiltration and upregulated their

functional markers, including granzyme B, TCF1, and
CD107a (Figures 3f and 3g). Concurrently, antigen-
presenting cells (macrophages and dendritic cells) were
more abundant in the combination group (Figure 3f).
Levels of immunosuppressive cytokines IL-4 and TGF-f
were lowest in this group, suggesting that NET inhibition
enhances APC recruitment and reinforces CD8+ T-cell
functionality in vivo [29, 30].

Given the clinical relevance of immune-related adverse
events (irAEs) [29, 30], safety endpoints were assessed.
Anti-PD-1 treatment alone increased serum ALT, AST,
creatinine (CREA), and BUN levels, alongside
histopathological evidence of mild-to-moderate hepatic
and renal inflammation [31, 32]. In contrast, the
combination therapy exhibited minimal organ damage.
Furthermore, mice in the anti-PD-1 monotherapy group
experienced greater body weight loss and higher
systemic IL-6 and TNF-a levels compared with the
combination group (Figures 3h and 3i).

To investigate the mechanistic link between neutrophils,
NETs, and systemic inflammation [30, 33], scRNA-seq
data from patients experiencing irAEs were analyzed.
Neutrophil clusters were identified using canonical
signature markers, revealing elevated NET-associated
transcripts (PADI4, CYBB, NCFI, NCF2) in irAE
patients, indicating enhanced NET program priming in
this context [34, 35]. Collectively, these findings indicate
that NET inhibition not only improves anti-PD-1 efficacy
but also reduces systemic inflammatory toxicity,
positioning NETs as a promising therapeutic target to
enhance both efficacy and tolerability of immunotherapy.

NETs induce proteomic remodeling and upregulate
STC1 in bladder cancer cells

To explore the molecular mechanisms by which NETs
mediate immune evasion, an in vitro co-culture system
was established using NET-conditioned medium (NETs-
CM) (Figure 4a). Confocal imaging and FACS analyses
demonstrated significant uptake of NETs by tumor cells
(Figure 4b), confirming direct NET-tumor cell
interactions. After 24 hours of co-culture with NETs-
CM, tumor cells exhibited pronounced proteomic
changes, including increased expression of STCI,
MMP9, and VEGFA, which are associated with immune
evasion and metastatic potential [36, 37] (Figure 4c).
Gene Set Enrichment Analysis further revealed
significant downregulation of immune response
pathways in NETs-CM-treated tumor cells. These results
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suggest that NETs can reprogram tumor cells toward an
immune-evasive phenotype.
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Figure 4. NETs Remodel Tumor Proteome and
Upregulate the Phagocytosis Checkpoint STC1 in
Bladder Cancer. (a) Schematic workflow illustrating
the preparation of NET-conditioned medium (NETs-
CM) for in vitro experiments. (b) Confocal
microscopy and FACS analyses demonstrate the
efficient uptake of NETs by bladder cancer cells,
confirming direct NET—tumor interactions. (c)
Heatmap depicting differential protein expression in
tumor cells following NETs-CM treatment,
highlighting notable upregulation of STC1, MMP9,
and VEGFA. (d—e) Pseudotime trajectory analysis of
NET-related genes and STC1 expression in the
TCGA-BLCA cohort. Samples were categorized into
four groups based on clinicopathological status:
primary tumors, lymph node metastases, and distant
metastases. Gene expression was averaged within
each group, and trajectories inferred from primary
tumors to distant metastases revealed sequential
upregulation of STC1 followed by NET-associated
genes (Figure 4e). (f—g) Western blot analyses in
UMUC-3 and 5637 cells show STC1 protein
induction under NETs-CM treatment, which was
reversed by DNase I (f), and a dose-dependent
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increase of STC1 with escalating NETs-CM
concentrations (g). (h—j) ELISA of serum STC1 in
the FUSCC cohort revealed higher levels in
immunotherapy non-responders compared with
responders (h). STC1 expression positively correlated
with tissue citH3 and serum MPO-DNA levels (i),
and patients with elevated STC1 exhibited poorer
objective response rates to ICIs in both the FUSCC
(n=32) and TCGA-BLCA (n=397) cohorts (j). (k—1)
Functional in vivo validation: STC1 knockout
(sgSTC1) in MB49 cells significantly reduced lung
metastases, as shown by bioluminescence imaging
(k) and H&E histology with quantification (1).

STC1 functions as a key downstream effector of NETs-
mediated immune escape

Among proteins altered by NETs stimulation, STCI
emerged as a critical mediator linked to immune evasion
and immunotherapy resistance [38]. STC1 has been
described as a pan-cancer phagocytosis checkpoint,
upregulated in multiple malignancies and associated with
poor prognosis [39, 40]. Pseudotime analysis of bulk
TCGA-BLCA data confirmed that STC1 upregulation
precedes the activation of NET-related genes (Figures
4d and 4e), supporting its role as a downstream effector
of NET-induced immune evasion.

Western blot (Figure 4f), gPCR, and ELISA verified
STCI1 induction after NETs-CM treatment, which was
dose-dependent (Figure 4g). Clinically, serum STCI1
levels were higher in immunotherapy non-responders,
and STCI1 expression increased with tumor progression,
peaking in metastatic lesions, mirroring NET dynamics
(Figure 4h). STCI levels positively correlated with NET
markers citH3 and MPO-DNA (Figure 4i), and elevated
STC1 predicted reduced ICI benefit and poorer survival
outcomes (Figure 4j). In vivo, STCIl knockout
substantially decreased lung metastasis in C57BL/6 mice
(Figures 4k and 4l), demonstrating its central role in
NET-driven immune evasion and metastatic progression.

STC1 impairs antigen presentation via APCs

To determine whether STC1-mediated
immunosuppression involves APCs, macrophages were
depleted in vivo using anti-CSF1R in C57BL/6 mice. In
IgG-treated controls, STC1 knockout reduced lung
metastases (Figures 5a and Sb) and enhanced CD8+ T-
cell infiltration and effector function, including IFN-y
and granzyme B production (Figures S5c and 5d).
Notably, these STC1-dependent effects were abolished

upon APC depletion, indicating that STC1 suppresses
CD8+ T-cell immunity through an APC-dependent
mechanism.
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Figure 5. STC1 impedes antigen presentation by
trapping CRT in mitochondria. (a—b) In vivo
bioluminescence imaging (a) and quantitative
radiance analysis of lung metastases (b) in C57BL/6
mice without LPS pre-treatment, comparing sgNC
and sgSTCI1#1 groups treated with IgG or anti-
CSFI1R. (c—d) FACS-based profiling of tumor-
infiltrating immune cells: (c¢) proportions of CD8+ T
cells, macrophages (Macro), and mature dendritic
cells (mDCs) among CD45+ populations; (d) CD8+
T-cell effector activity (IFN-y, GZMB) under
different treatments. (e—f) Flow cytometry
quantification of surface CRT under various stimuli
(Ctrl, NETs, LPS, PMA, poly(dA:dT), poly(I:C)) and
following STC1 knockdown (+siSTC1) in UMUC-3
cells. (g) Co-immunoprecipitation (Co-IP) to detect
STC1-CRT interactions in NETs-treated UMUC-3
cells. (h—i1) Confocal imaging (h) and quantitative
assessment (i) of STC1-CRT co-localization within
mitochondria in vitro. (j) Representative IF images of
STC1-CRT overlap in tumor tissues from mMIBC
patients. (K—N) Phagocytosis assays: (k) confocal
images of co-cultures (PKH26-labeled tumor cells in
red; CD14+ macrophages in green), (1) Pearson’s
correlation for co-localization, (m) FACS-based
PKH26+CD14+ double-positive percentages across

tumor:macrophage ratios, and (n) representative
FACS plots for gating double-positive events.
Abbreviations: mMIBC= metastatic muscle-invasive
bladder cancer; CRT= calreticulin; FACS= flow
cytometry; GZMB= granzyme B; IF=
immunofluorescence; IFN= interferon; LPS=
lipopolysaccharide; Macro= macrophages; mDC,
mature dendritic cells; NETs= neutrophil
extracellular traps; PMA= phorbol 12-myristate 13-
acetate; Co-1P= co-immunoprecipitation.

Antigen-presenting cells (APCs) detect “eat-me” and
“don’t eat me” signals on tumor surfaces to regulate
phagocytosis [41]. CRT functions as a key pro-
phagocytic signal [37, 42, 43]. Our experiments revealed
that NETs selectively suppressed surface CRT on tumor
cells (Figure 5e), a phenomenon not reproduced by LPS,
PMA, poly(dA:dT), or poly(I:C) (Figure 5f). Silencing
STCI1 restored CRT levels on the cell surface, while total
CRT abundance remained essentially unchanged (Figure
Se), indicating that NETs impair CRT translocation
rather than its synthesis.

To examine whether STC1 physically interacts with
CRT, Co-IP assays confirmed a STC1-CRT association
in NETs-treated UMUC-3 cells (Figure 5g) and
HEK293T cells. Confocal imaging demonstrated
increased intracellular co-localization of STC1 and CRT
specifically in the mitochondrial compartment in vitro
(Figures 5h and 5i), which was recapitulated in mMIBC
patient tumor tissues (Figure 5j). Dual-IF analyses
further showed that STC1-CRT co-localization was
higher in NETs-rich (LPS) lesions compared with DNase
I-treated lesions. Collectively, these findings suggest a
mechanism in which NETs induce STCI1, which
sequesters CRT in mitochondria, thereby limiting its
surface exposure.

Functionally, STC1 depletion enhanced macrophage-
mediated phagocytosis in tumor co-cultures (Figures Sk
and 51). FACS analysis corroborated these observations,
showing increased PKH26+CD14+ double-positive
events at multiple tumor: macrophage ratios (Figures 5m
and 5n). Overall, these results reveal a NETs—STC1—
CRT axis that diminishes tumor immunogenicity by
preventing surface CRT display, reducing macrophage
phagocytosis, and suppressing CD8+ T-cell responses.

NETs transcriptionally induce STC1 through the TLR2—
MAPK-FosL1 pathway
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To elucidate how NETs enhance STC1 expression, we
integrated NETs-CM proteomics with TF prediction
databases and identified FosL1 as the primary candidate
regulating STC1 (Figure 6a). In TCGA BLCA datasets,
STCI1 expression correlated positively with FosL1 levels
(Figure 6b). FosL1 silencing markedly lowered STC1
expression, even under NETs-CM stimulation (Figure
6¢). JASPAR analysis predicted a FosL1 binding site in
the STC1 promoter (Figure 6d), supported by ChIP-seq
peaks in multiple BLCA cell lines (Figure 6e). ChIP-
gPCR in UMUC-3 cells validated FosL1 binding to the
STC1 promoter, with significant enrichment in the
FosL1-IP group relative to IgG controls (Figures 6f and
6g). Dual-luciferase reporter assays confirmed that
FosL1 overexpression boosted STC1 promoter activity
(Figure 6h). Previous reports indicate MAPK regulates
FosL1 [44, 45], and in line with this, NETs activated
MAPK-FosL1 signaling, leading to STC1 upregulation
(Figure 6i).
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Figure 6. NETs induce STCI transcription through
TLR2-MAPK-FosL1 signaling. (a) A Venn diagram
depicting the overlap of transcription factors: those
upregulated by NETs-conditioned medium
(proteomics), predicted STCI regulators from the
PROMO database, and TFs with ChIP-seq peaks at
the STC1 promoter from Cistrome, revealing FosL1
as the common regulator. (b) Correlation between
FosL1 and STC1 expression in the TCGA-BLCA
cohort. (c) Western blot demonstrating STC1 levels
in UMUC-3 cells following FosL1 knockdown using
two distinct siRNAs (siFosL1#1, siFosL1#2) under
NETs-CM treatment. (d) Predicted FosL1 binding
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motif in the STC1 promoter from the JASPAR
database. (¢) ChIP-seq enrichment of FosL1 at the
STC1 promoter across several bladder cancer cell
lines (Cistrome Data Browser). (f—g) ChIP-qPCR
analysis confirming FosL1 occupancy on the STC1
promoter in UMUC-3 cells relative to IgG controls.
(h) Dual-luciferase reporter assay evaluating STC1
promoter activity with or without FosL1
overexpression in HEK293T cells. (i) Western blot
showing NETs-induced activation of MAPK and
STC1 in UMUC-3 cells, with or without MEK
inhibitor CH5126766. (j) qPCR profiling of DAMP-
sensing receptors and chromatin/DNA sensors in T24
and UMUCS-3 cells after NETs exposure, normalized
as indicated. (k) Western blot analysis of MAPK—
FosL1-STCI signaling in cells with receptor
perturbations (siNC, siTLR2, siNLRP3) under NETs
stimulation. (I-m) Fluorescent imaging of NETs
internalization (1) and FACS-based quantification of
NET uptake (m) in control (sgNC) and TLR2
knockout cells (sgTLR2). Abbreviations: TCGA=
The Cancer Genome Atlas; BLCA= bladder cancer;
ChIP-seq= chromatin immunoprecipitation
sequencing; CM= conditioned medium; FACS= flow
cytometry; NETs= neutrophil extracellular traps;
qPCR= quantitative PCR.

To decipher how bladder cancer cells sense and
internalize NETs to trigger STC1 transcription, we
interrogated  classical DAMP-sensing  pathways,
including cGAS—STING, multiple TLRs (TLR2, TLR4,
TLR9), NLRP3, CCDC25, and RAGE [22, 46,47]. NETs
selectively enhanced TLR2 and NLRP3 mRNA in
UMUC-3 and T24 cells, whereas other pathways,
including cGAS-STING, CCDC25, RAGE, and other
TLRs, showed minimal changes (Figure 6j).
Functionally, silencing TLR2 (siTLR2) blunted NETs-
induced MAPK phosphorylation, reduced FosL1
expression, and suppressed STC1 upregulation, while
knockdown of NLRP3 had no discernible effect (Figure
6k). Additionally, deletion of TLR2 significantly
impaired NETs internalization in UMUC-3 cells
(Figures 6l and 6m). These findings reveal a TLR2-to-
promoter cascade whereby NETs engagement of TLR2
activates the MAPK-FosL1 axis, driving STCI1
transcription in bladder cancer cells.

Given that STCI1 is secreted, we next explored its
paracrine effects within the tumor microenvironment.

ELISA measurements confirmed substantial

accumulation of STCI1 in the extracellular milieu (Figure
4h). To test whether secreted STC1 promotes NETs
formation, we generated STC1 knockdown lines and
collected their conditioned medium to stimulate
neutrophils in vitro. Neutrophils exposed to CM from
STC1-high cells formed abundant NETs, as revealed by
immunofluorescence, whereas CM from STCl1-low or
knockout cells led to markedly reduced NET formation
(Figures 7a and 7b).
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Figure 7. Secreted STC1 drives NETs formation and
disrupts APC maturation, establishing a self-
reinforcing immunosuppressive loop. (a—b)
Representative immunofluorescence images of
neutrophils stained for citH3, MPO, and DAPI
following incubation with conditioned medium (CM)
from sgNC or sgSTC1#1 tumor cells, with
quantitative analysis of citH3 mean gray intensity (b).
PMA and RPMI-1640 served as positive and negative
controls, respectively. (c—d) Dose-dependent
induction of NETs in neutrophils treated with
recombinant human STC1 (thSTC1), visualized by IF
(¢) and quantified by citH3 mean gray value (d). (¢)
SEM images illustrating NETs morphology under
low and high STC1 CM conditions, alongside control

groups. (f) IF analysis of lung metastatic lesions from
mice bearing sgSTCI or sgNC tumors, staining for
citH3/MPO/DAPI, with quantification of citH3-
positive area. (g) MCP-counter and ssGSEA analysis
of RNA-seq data from CD14+ monocytes co-cultured
with STC1 knockdown or control tumor cells. (h)
Pseudotime trajectories depicting dendritic cell
differentiation, monocyte lineage progression, and
HLA-DOA expression between low and high STC1
groups. (i) Enrichment network highlighting
activated biological pathways (NES>0) in low STCI
conditions, with major differences annotated. (j)
Graphic abstract summarizing study findings.
Abbreviations: DAPI= 4',6-diamidino-2-
phenylindole; MCP= Microenvironment Cell
Populations; RPMI= Roswell Park Memorial
Institute; APC= antigen-presenting cell; CM=
conditioned medium; CRT= calreticulin; IF=
immunofluorescence; MPO= myeloperoxidase;
NETs, neutrophil extracellular traps; PMA, phorbol
12-myristate 13-acetate; thSTC1= recombinant
human STC1; RNA-seq= RNA sequencing; SEM=
scanning electron microscopy; ssGSEA= single-
sample Gene Set Enrichment Analysis.

In vivo examination revealed that NETs were scarcely
detectable in lung metastases derived from sgSTCI
tumors, whereas sgNC lesions displayed abundant NETs
structures (Figure 7f). To determine whether STC1 alone
can drive NETs formation, neutrophils were treated with
escalating doses of thSTC1. NETSs formation increased in
a dose-dependent manner, with 300 ng/mL producing
pronounced web-like structures (Figure 7e). RNA-seq
profiling of sgNC and sgSTC1 tumor cells demonstrated
that canonical NETosis-inducing factors—including
PGE2 (Ptges, Ptgs2), MIF (Mif), TGF-B1 (Tgfbl), TNF-
a (Tnf), IL-1B (Il1b), GM-CSF (Csf2), G-CSF (Csf3),
cathepsins B/L (Ctsb, Ctsl), and HMGB1 (Hmgbl1) [27,
28, 35]—were not significantly altered. Collectively,
these results indicate that secreted STC1 is sufficient to
trigger NETs, forming a positive feedback loop in the
tumor  microenvironment  that can  amplify
immunosuppression and metastatic progression.

Beyond NETs induction, we investigated the impact of
secreted STC1 on APC differentiation. CD14+
monocytes were co-cultured with either STCI
knockdown or control tumor cells and analyzed by RNA-
seq. MCP-counter and ssGSEA revealed that monocytes
exposed to low STCI1 conditions exhibited enhanced
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antigen-presenting capacity (Figure 7g). Pseudotime
analysis showed that reduced STC1 favored
differentiation toward dendritic cells while limiting
monocyte and neutrophil proportions (Figure 7h). Key
immunosuppressive genes, including ILIRN, CSF1, and
S100A9, were downregulated under low STCI1
conditions, whereas immune-activating chemokines such
as CXCL9, CXCL10, and antigen-presentation molecule
HLA-DOA were upregulated Functional enrichment
analysis indicated that genes upregulated in low STCI
conditions were enriched in immune activation and
leukocyte chemotaxis pathways, whereas high STCI
conditions  preferentially = enhanced  granulocyte
chemotaxis, potentially promoting neutrophil infiltration
(Figure 7i). These findings demonstrate that secreted
STC1 not only facilitates NETs formation but also
transcriptionally reprograms CDI14+ APC precursors,
further suppressing antitumor immunity.

The study’s graphic abstract (Figure 7j) integrates these
findings: NETs accumulation in bladder cancer triggers
immune evasion through STC1. NETs stimulate STCI
TLR2-MAPK-FosL1, suppressing
antigen presentation by capturing CRT. Extracellular
STC1 amplifies NETs formation, creating a self-

expression via

reinforcing immunosuppressive loop, while also
reprogramming APC precursors to diminish antitumor
immunity.

In conclusion, these results identify a NETs—STCI1
positive feedback loop as a central mechanism mediating
immune evasion in bladder cancer, highlighting a
potential therapeutic axis for restoring antitumor
immunity and enhancing immunotherapy efficacy.

Despite the remarkable progress of immunotherapy in
bladder cancer (BLCA), clinical outcomes remain
limited due to high rates of therapeutic resistance and the
relatively small proportion of patients who benefit [4, 7,
48]. Recently, there has been growing interest in the
immunosuppressive roles of innate immune components
within the tumor microenvironment (TME), particularly
tumor-associated neutrophils (TANs) and their release of
neutrophil extracellular traps (NETs) [20]. While NETs
were originally recognized as a defense mechanism
against pathogens, accumulating evidence indicates that
they can promote metastasis and thrombosis in various
solid tumors [49, 50]. Several TME factors—including
inflammatory cytokines, damage-associated molecular
patterns (DAMPs), and tumor-derived chemokines
[28]—have been implicated in NET accumulation.
However, their contribution to immune evasion and

tumor progression in BLCA remains poorly understood,
as most prior studies have focused on NETs’ physical
barrier effects or their role in epithelial-mesenchymal
transition (EMT), with limited exploration of their
immunoregulatory interactions with tumor cells.

In the present study, we investigated the role of NETs in
mediating immune resistance in BLCA through a multi-
level approach, spanning clinical observations to
mechanistic validation. Analysis of two real-world
BLCA immunotherapy cohorts revealed that NET levels
were markedly higher in patients who did not respond to
therapy. In vivo, NETs promoted metastasis in an
immune-dependent manner, whereas NET targeting
enhanced the efficacy of immune checkpoint inhibitors
(ICIs) and reduced immune-related adverse effects.
Mechanistically, NETs activated the TLR2-MAPK-
FosL1  signaling driving  transcriptional
upregulation of the phagocytic checkpoint STC1 and
facilitating immune evasion. Moreover, STC1 exerted
dual functions: intracellular STC1 impeded CRT-
mediated antigen presentation and phagocytosis, while
secreted STC1 promoted aberrant NET formation,
creating a self-reinforcing loop that intensified
immunosuppression and disrupted the maturation of
APC precursors. This cascade offers a mechanistic
rationale for optimizing combination therapies in BLCA.
NETs, as critical effector products of neutrophils, have
long been recognized for their role in host defense [20,
27]. However, mounting evidence indicates that chronic
NET-mediated inflammation can facilitate
progression [28]. NETs can form physical barriers that
shield tumor cells from T cell-mediated cytotoxicity [51]
or promote EMT [22, 52]. Our findings extend this
understanding by revealing that NETs also contribute to
immune escape through modulation of tumor-intrinsic
anti-phagocytic pathways. This mechanism operates
alongside adaptive immune suppression—such as T cell
exhaustion and immune checkpoint inhibition [53, 54]—
highlighting a previously underappreciated molecular
crosstalk between innate immune cells and tumor-driven

axis,

tumor

immune evasion strategies.

Our study identifies STC1 as a central mediator of NETs-
induced immune evasion in bladder cancer (BLCA).
STC1, a recently characterized innate
checkpoint molecule validated across over 20 cancer
types, plays a pivotal role in regulating tumor cell
phagocytosis. Effective antitumor immunity depends on
a tightly regulated balance between pro-phagocytic
signals, such as calreticulin (CRT), and anti-phagocytic

immune
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checkpoints, including STC1 and CD47, on the tumor
cell surface [48, 50]. Membrane-exposed CRT functions
as an ‘“eat me” signal, promoting recognition and
clearance of tumor cells by antigen-presenting cells
(APCs). Tumor cells, however, can hijack this system by
upregulating  anti-phagocytic = molecules, thereby
circumventing CRT-mediated detection. In our study, we
confirmed a novel function of STCI in sequestering CRT
intracellularly, thereby inhibiting antigen presentation.
This reinforces the concept that the imbalance between
pro- and anti-phagocytic signals is a key driver of BLCA
progression and contributes to differential responses to
immunotherapy.

Beyond its intracellular effects, the role of secreted STC1
has been largely unexplored. Unexpectedly, we found
that extracellular STC1 enhances NET formation,
creating a self-reinforcing feedback loop that further
strengthens immune evasion. This mechanism may
partially explain the complex and refractory nature of
immunotherapy resistance in BLCA, suggesting that
monotherapy is often insufficient to overcome an
established immune-suppressive TME. These findings
underscore the potential value of combination therapeutic
strategies targeting both STC1 and NETs.

Clinically, our observations are consistent with adverse
events seen during anti-PD-1 therapy. Patients frequently
exhibited elevated serum markers—ALT, AST, CREA,
and BUN—alongside acute inflammatory histopathology
in the liver and kidneys, highlighting the challenge of
immune-related  adverse (irAEs)  [55].
Mechanistically, we observed a potential link between
NET formation and irAEs [33]. Neutrophils from patients
experiencing irAEs showed upregulation of NET-
associated transcripts, consistent with prior evidence
linking NETs to autoimmunity [27], endothelial injury
[56], and amplification of cytokine cascades [57].
Importantly, NET inhibition mitigated organ damage and
inflammation induced by anti-PD-1 therapy without
compromising its antitumor efficacy. These results
suggest that NETs play a previously underappreciated
role in ICIs-related toxicity and that targeting NETs
could simultaneously improve therapeutic safety and
efficacy. Nonetheless, several limitations should be
noted: (1) transcript abundance in neutrophils does not
directly measure NETosis; (2) circulating cytokine levels
(IL-6, TNF-a) are not exclusive markers of NET activity;
and (3) cohort sampling windows, and
heterogeneity in treatment regimens may introduce

events

size,

confounding factors, including infections, antibiotic
exposure, or subclinical tissue injury.

While NET-targeting strategies show promise, potential
risks remain. NETs are critical for host defense against
pathogens, and broad inhibition could impair systemic
immunity and increase susceptibility to infection. Future
approaches should aim to selectively modulate tumor-
associated NETs while preserving overall innate immune
function. Additionally, the drivers of excessive NET
accumulation in BLCA remain to be fully elucidated. It
is unclear whether this is primarily due to increased NET
production, impaired degradation, or both, and the
contributions of TME components—cytokines, DAMPs,
or tumor-derived factors—require further investigation.
Resolving these questions will facilitate safer and more
controlled therapeutic targeting of the NETs—STC1 axis
in clinical settings.

Conclusion

In summary, our study delineates a critical
immunosuppressive  feedback loop in BLCA,
orchestrated by NETs and STCI. NETs induce

upregulation of the phagocytic checkpoint STC1 via the
TLR2-MAPK-FosL1 pathway, while STCI reciprocally
promotes NET formation, establishing a self-amplifying
cycle that impairs antigen presentation and drives
immune escape. Disrupting this loop through inhibition
of NETs or STCI restores APC function and enhances
immunotherapy efficacy. Furthermore, NETs contribute
to irAEs, and their modulation offers the dual benefit of
reducing inflammatory preserving
antitumor activity. These findings highlight the central
role of the NETs—STC1 circuit in immune resistance and
therapy-related toxicity, providing a strong rationale for
combinatorial strategies to improve both the safety and
effectiveness of immunotherapy in BLCA.

toxicity while
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